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INTRODUCTION 
The cambium and its derivatives provide an unusually favorable 
medimn for the study of living tissue cells of the higher plants.  The 
uninjured cells in the interior of skillfully prepared sections have been 
kept alive and with the protoplasm actively  streaming for 1710 hours 
in  tap water,  1230  hours in distilled water,  500  hours in medicinal 
liquid petrolatum, from 300-1100 hours in various salt solutions, and 
from 120-500  hours in solutions of sucrose varying in concentration 
M  10M  from ~ to -~-.  In other words except at the height of  the growing 
season, the tissues are extraordinarily resistant to mechanical injuries* 
and to drastic changes of environmental factors,--e.g., temperature, 
light, pH, osmotic pressure, etc.  Because of the size, form, and orien- 
tation of the cells, such structures as the nucleus, nucleoli, vacuoles, 
plastids,  and phragmoplasts, and not infrequently the mitochondria, 
are clearly visible in the living, unstained protoplasts.  Furthermore, 
the visible  structural changes induced in the cells by traumatic and 
other abnormal stimuli occur relatively slowly.  Since sections of the 
tissues can be cut and placed under microscopic observation in less 
than 60 seconds, it is possible to study the tissue cells before they have 
* This  investigation  was  supported  in  part  by  special  grants  from  the 
Carnegie Institution of Washington and the Milton Research Fund of Harvard 
University. 
, The tissues normally are subjected to violent stresses and strains during the 
swaying of tall trees in the wind. 
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had time to become visibly modified and to observe directly the suc- 
cessive structural changes that are induced by specific combinations 
of environmental factors3 
In  the investigations described in  the preceding paper  (1)  of  this 
series, two types of vacuoles were encountered in the living cells of the 
cambium and of its derivative tissues.  The vacuoles of one of these 
categories, A-type, become intensely magenta or red in aqueous solu- 
tions of either neutral red or methyl red; those of the other category, 
B-type, stain orange or reddish-orange in aqueous solutions of neutral 
red,  but  give no  color reactions with methyl red.  Vacuoles of  the 
former type accumulate dyes rapidly from  both  relatively alkaline 
(neutral  red)  and  relatively  acid  (methyl  red)  solutions;  whereas 
vacuoles of the latter type are able to do so from relatively alkaline 
(neutral red) solutions only.  In view of the fact that both types of 
vacuoles frequently occur in more or less close contact within the same 
protoplast, it is evident that these variations in staining reactions must 
be due to fundamental differences in the vacuoles themselves rather 
than to putative differences in the cell walls, protoplasmic membrane, 
or cytoplasm.  In other words, absence of vital staining of the B-type 
vacuoles in methyl red is not due to a failure of the dye to penetrate 
cells which contain these vacuoles. 
Distribution of A-Type  and B-Type  Vacuoles in  the Higher Plants 
That the A-type and B-type vacuoles are not of isolated or sporadic 
occurrence, but are to be found throughout the higher plants has been 
determined by Miss Anna F. Faull of this laboratory in a special survey 
of 272 representatives of 42 orders and 90 families of the Pteridophyta, 
Gymnospermae, and  Anglospermae.  Although  the  abundance  and 
distribution  of  the  two  categories of vacuoles  vary markedly from 
plant to plant, from organ to organ, and from tissue to  tissue, none 
of the species studied is entirely devoid of either the A-type or the 
B-type vacuoles. 
The A-type vacuoles, which stain vitally with both neutral red and 
methyl red,  contain certain categories of aromatic substances,---4.e., 
The tropistic responses  of the massive stems of trees are, in genera], relatively 
sluggish.  There  are  no  "trigger"  mechanisms or special adaptations  for  the 
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phenolic compounds, tannins, flavones, flavonols, anthocyanins, and 
tend  to  form  copious  deeply-colored precipitates.  The  typical  B- 
type vacuoles, which do not stain  vitally with methyl red,  do not 
contain  microscopically  detectable  quantities  of  these  aromatic 
compounds  and  rarely  form  massive  intravacuolar  precipitates. 
Where precipitation occurs in connection with the vital  staining of 
B-type vacuoles in neutral red, the relatively scanty, colored precipi- 
tate commonly appears on, and adheres to,  the outer surface of the 
vacuoles.  In certain cases, one or more colored granules, crystals, or 
spherocrystals may be formed internally.  In  differentiating tissues, 
A-type vacuoles may metamorphose at times from B-type vacuoles. 
Thus, transitional or intermediate types of vacuoles are of not infre- 
quent occurrence. 
It is evident, therefore, that there are at least two distinct categories 
of vacuoles in the higher plants which should be considered in  any 
general discussion of vital staining.  Many of the serious discrepancies 
in the literature relating to the penetration and accumulation of dyes 
in living plant cells may be due to the fact that different investigators 
are  concerned with  different categories of  vacuoles.  The  physico- 
chemical mechanism of the accumulation of dyes in the vacuoles of 
Valonia and Nitella, which are apparently of the general B-type, may 
be quite different from that in the case of A-type vacuoles. 
In view of these facts, it seemed advisable to the writers to initiate 
an intensive study of the phenomena of vital staining in the cambium 
and its derivative tissues, particularly of the effects of hydrogen ion 
concentration upon the accumulation of various dyes in A-type and 
B-type vacuoles. 
Criteria for Distinguishing Living from Dying and Dead Cells 
Much confusion  has been introduced into biological literature by applying the 
term "vital" to those types of staining which immediately precede, or are con- 
comitants of, the degeneration and  death  of the cell.  It is indispensable, in 
dealing with truly vital staining, to secure reliable criteria for distinguishing  living 
from dying and dead cells and to keep an accurate record of the length of time 
that ceils survive after a given observation or experiment is completed. 
Various criteria of "vitality" that have been used in cytological and physio- 
logical investigations have been tested by the writers and found to be unreliable. 
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derivatives is the phenomenon of protoplasmic streamlng,--i.e., cydosis.  Stream- 
ing cells may safely be regarded as living.  In addition, the phenomena of normal 
cyclosis,  s  particularly  in  the  Gymnosperms,  are  so characteristic  and  so  easily 
modified that they provide extremely sensitive indicators for detecting abnormali- 
ties, incipient injuries, and irreversible changes in the cytoplasm. 
In certain of the fully differentiated derivatives of the cambium, the cytoplasm 
normally is  not in  active  cyclosis,  at  least  during  certain  periods  of  the  year. 
When streaming cannot be induced in such cells, the writers have been forced to 
rely  upon  cumulative  evidence  in  distinguishing  the  living  from  the  seriously 
injured  and  dead  cells.  No observations are recorded from cells  which exhibit 
any  of  the  following  symptoms: (1)  Conspicuous  opacity;  (2)  granulation  or 
coagulation of the cytoplasm or of the contents of the nucleus; (3) active Brownian 
movement of ergastic particles within the cytoplasm; (4) aggregation or agglutina- 
tion of ergastic particles within the cytoplasm; (3) visible staining of the nucleus, 
nucleoli, mitochondria, or cytoplasm.  Cel/s which exhibit none of these symptoms 
are regarded as living if they are capable of plasmolyzing and of deplasmolyzing 
in sugar solutions.  4 
The only available means, at present, for detecting invisible, irreversible injuries 
--which may lead to a gradual, rather than to a sudden, death of the cell--is the 
study of the record of survival, s  In other words, cells which survive for a specified 
interval are not considered to have been injured irreversibly at the beginning of 
that  interval.  The length of this  test-period must  be determined  more or less 
arbitrarily  and must be varied to meet the requirements of different organisms, 
tissues,  and experimental procedures. 
Controls 
That living cells can be removed from the tree without seriously injuring them 
is shown by the fact that "explants" of Pinus Strobus L. have been kept alive and 
actively streaming for more than two months (1710 hours) in running tap water. 
The only conspicuous change in  the cytoplasm during  the interval is a  gradual 
The problem  of  distinguishing  normal  from  traumatically  induced  cyclosis 
was discussed in the preceding paper of this series,  Bailey (1). 
4 Under  certain  conditions  dead  protoplasts  may contract  and  expand,  thus 
simulating  plasmolysis  and  deplasmolysis.  Although  the  two  categories  of 
phenomena may readily  be  distinguished  by an  experienced  investigator,  they 
appear to have been confused, at times, by incautious observers. 
~Reversible  and  irreversible  changes  have  been  detected  by  bioelectrical 
methods, but there are serious difficulties  to be overcome in so studying cells in 
tissues.  Even in the case of Valonia  and Nitdla, such techniques have not been 
utilized in experiments  dealing with  the penetration  of dyes.  The condition of 
specific  ceils  during  experimentation  is  judged  by  observing  the  behavior  of 
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disappearance of ergastic partides,--e.g., oil globules.  This suggests that in tap 
water,  distilled  water,  and mineral oils  the uninjured  cells function as more or 
less independent and self-snstaining  units, and that they are capable of maintaining 
cyclosis until the internal supply of available energy is exhausted,  s 
Uninjured cells survive for from 700 to 1500 hours when kept in stagnant tap 
water.  Furthermore,  the  cells  commonly remain  alive and  actively streaming 
for several hundred hours even when the sections become so completely entrusted 
with  bacteria,  yeasts,  and  other  microorganisms that  they  must  be  scraped 
before they can be examined microscopically.  Sections in tap water may, there- 
fore,  be  utilized  in  experimental work  as  convenient  controls  for  determining 
whether the cells have been injured in sectioning. 
Toxicity of Bu~ered Solutions 
M  (.4) Clark's Standard ~  Buffers.--In studying the effects of extraeellular pH 
upon the staining of living ceils, it is essential  to avoid the use of highly toxic 
buffers.  The cambial cells of Pinus Strobus  L. seldom survive for any considerable 
time in  Clark's (2)  f0 buffers  except in the pH 5.4 and pH 5.8 phthalates,  the 
pH 5.8 and pH 6.2 phosphates, and the pH 7.8 and pH 8.2 borates.  The death 
of the cells is due to the buffers rather than to the effects of sectioning or of subse- 
quent  manipulation  of the sections.  This is dearly demonstrated  by the fact 
that duplicate sections  placed in tap water remain alive and actively streaming 
for several hundred hours. 
(B)  Plus Sucrose.--The addition of sugar to make the buffers more  ~o Buffers 
nearly "isotonic" ~ends to prolong the life of the cells somewhat, but the general 
pattern of survival throughout the pH range is similar to that in the case of the 
standard ~  buffers.  In both sets of buffers there are conspicuous lethal effects 
in the more alkaline borates and phosphates and in the more acid phthalates. 
M  M  (C) ~  Buffers.--Dilution of the standard buffers to ~  also  tends  to  prolong 
the life of the cells, but, as in the case of the saccharine buffers,  without funda- 
mentally changing the general pattern of survival. 
In the preparation of the  borate and phosphate buffers HaBOa +  KC1 and 
KH2PO4 are constants, whereas the quantity of NaOH increases markedly between 
pH 6.2  and pH 7.8 phosphate and between pH 8.2  and pH 10.0 borate.  This 
raises the question whether the increasing  toxicity of the more alkaline phosphate 
and borate buffers may be due largely to sodium poisoning, and whether the effects 
of the sodium  ~ may be antagonized by relatively minute quantities of calcium. 
We are dealing  here with cells which do not contain chloroplasts. 
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(D)  ~  Buffers Plus Calcium Chloride.--That these questions may be answered 
in the affirmative, at least in so far as the phosphate buffers are concerned, seems 
M 
probable.  When  two drops  of  ~  CaCI~ are  added  to 50 co. of each of the  ~- 
40 
buffers, the  cells  remain  alive  and actively streaming for more than  120 hours 
throughout  the  range  pH  5.0-pH  8.6.  Experiments  with  various  acids  and 
alkalis suggest that  the toxicity of the buffers in the pH 3.0  to pH 4.6 range is 
due primarily to excessive  acidity; that in the pH 9.0 to pH 10.0 range largely to 
excessive alkalinity. 
To attempt to prolong the life of the cells beyond 200 hours by further dilutions 
of the buffers or by the addition of sugar, larger quantities of calcium, etc., leads to 
unavoidable complications and possibly to serious errors, and is not justifiable in 
the type of experimental investigations undertaken by the writers. 
Toxicity of Dyes of Buffered Solutions 
The toxic effects of each dye--or rather of each dye plus its impurities--may be 
tested by comparing the record of survival of uninjured cells placed in two series 
of buffers,  one with and one without the dye. 
Most dyes produce conspicuous lethal effects,  at least in certain of the buffers. 
It is essential,  accordingly, to determine how long the cells  may remain in each 
buffered solution of the dye without sustaining serious irreversible injuries.  When 
the dyes accumulate rapidly and the cells  survive for many hours,  the staining 
may be regarded as truly vital.  On the contrary, when the cells  survive for a 
limited period only, the staining may be a concomitant of, or may be modified by, 
irreversible  changes in dying cells.  Valuable clues concerning the magnitude of 
such injuries at any specific stage of staining may be obtained, however, by trans- 
ferring the sections to dye-free buffer or to tap water. 
Miscellaneous  Comments  upon  Materials  and  Methods 8 
In dealing with vital  staining,  it  is  essential  that  the sections be of uniform 
thickness and that such general environmental factors as light and temperature be 
kept approximately constant.  Of course, the usual precautions must be observed 
in the preparation of buffers,--i.e., use of special reagents and glassware, periodic 
verifications of pH, etc.  Seventeen buffers are used by the writers.  The two pH 
5.8  buffers facilitate  comparisons between  phthalates  and  phosphates,  and  the 
two pH 7.8 buffers,  between phosphates and borates. 
In the  case of the  B-type vacuoles,  three  intensities  of staining  may be  dis- 
tingnished visually;  (1)  light,  (2)  medium,  and  (3)  intense.  In the case of the 
s For a detailed discussion of our technique for studying living tissue cells and 
for distinguishing vacuoles from other  constituents  of the  cell,  the reader  is  re- 
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A-type vacuoles,  four stages of vital  staining  may commonly be differentiated; 
(1) light,  (2) dark, (3) slight precipitation, and (4) copious precipitation.  Succes- 
sive observations should be obtained in all cases from the same vacuoles and cells. 
When dilute solutions of dyes are used, no color is visible in the vacuoles unless 
the dyes become more concentrated in the sap than in the extracellular solution; 
i.e.,  staining  is  synonymous with  accumulation.  Therefore,  absence  of  vital 
staining is not indicative,  necessarily, of a  dye's failure to penetrate.  If the con- 
centration  of dye in  a  vacuole  tends  to  approximate  that  in  the  extracellular 
solution, no color will be visible microscopically unless the dye is used in highly 
concentrated solutions. 
Sections from  three trees, Pinus Strobus L.,  Thuja occidentalis L., and Juglans 
dnerea L., were used by the writers in testing the effects of extraceliular pH  in 
vital  staining.  The  material  was  collected in Forest  Hills,  Boston,  during the 
period Nov. 1, 1929 to April 1,  1930. 
Data  obtained  from  the  study  of  71  dyes  are  summarized  in  the 
following pages.  The dyes may be classified into three  main  groups. 
Except  in  dealing  with  special  aspects  of the  problem,  Group  I  and 
Group  II  dyes  are  employed in  dilutions  of  approximately  .004  per 
cent; Group III dyes in dilutions of approximately  .02 per cent. 
GROUP  I DYES 
Dyes Which Accumulate in Both A-Type and B-Type Vacuoles 
Dye  Maker  Lot number 
Auramin ............................................ 
Azure I  (Methylene azure) ............................ 
Brilliant cresyl blue (vital) ............................ 
Cresyl violet (Cresyl echt violet) ....................... 
Methylene blue** ..............................  : ..... 
Methylene green ..................................... 
Neutral red ......................................... 
Neutral violet ....................................... 
Nile blue A ......................................... 
Pyronin G .......................................... 
Thionin (pure) ....................................... 
Toluidine blue (vital) ................................. 
Griibler 
NAC Co.* 
Grabler 
NAC Co. 
3955 
NW-2 
NA-48 
4326 
NX-1 
2182 
NNb-1 
2227 
1363 
* NAC Co.  =  National Aniline and Chemical Co. 
** A  number of the  commercial thiazins,  e.g. methylene blue, may contain vary- 
ing proportions of other thiazins.  It is difl]cult  to  distinguish vital staining, due 
to the dye itself, from that which may be due to one or more of its impurities. 
The data illustrated  in Figs. 1 and 2 are typical of the general stain- 
ing reactions of the dyes of this  group.  The dyes accumulate in the II  IIiTES 
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FIG. 1.  Ranges and intensities of vital staining of A-type and of B-type vacuoles 
in buffered solutions of neutral red.  Varying intensities are indicated by lines of 
varying width.  -  -  -  data complicated by lethal factors. 
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FIG. 2.  Ranges and intensities of vital staining of A-type vacuoles in buffered 
solutions of Group I  and Group II dyes.  The time intervals in each case are 10 
minutes,  1  hour,  and period of maximum vital staining.  Varying intensities of 
vital staining are indicated by lines of varying width.  -  -  -  data complicated by- 
lethal factors. 
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vacuoles  more  rapidly  and  intensely  from  alkaline  than  from  acid 
buffers; slightly or not at all from buffers more acid than pH  5.4-pH 
5.8.  As indicated  in Fig.  1,  the A-type vacuoles stain  more  rapidly 
and over a  wider range of acid buffers  than do the  B-type  vacuoles. 
The latter rarely, if ever, accumulate the dyes from buffers more acid 
than pH 5.4--pH 5.8. 
The rate of staining increases more or less  rapidly with  increasing 
alkalinity until a  certain degree of alkalinity is reached, beyond which 
no  marked  fluctuations  in  the  rate  of  staining  can  be  detected  by 
visual  means.  The  dyes  accumulate  in  the  vacuoles  until  certain 
maximum intensities  of staining are attained.  The ranges,  rates,  and 
intensities  of staining vary more or less from dye to dye, from species 
to species,  and from tissue  to tissue,  and apparently also in buffers of 
varying composition.  Sugar tends to retard and calcium to accelerate 
vital  staining. 
GROUP  II DYES 
Dyes Which Accumulate in A-Type But Not in B-Type Vacuoles 
Dye  Maker  Lot number 
Basic fuchsin ........................................ 
Benzene-azo-alpha-naphthylamine ...................... 
Bismarck brown ..................................... 
Brilliant green ....................................... 
Celestin blue ........................................ 
Chrysoidin R ........................................ 
Chrysoidin Y ........................................ 
Crystal violet ........................................ 
Dahlia (Hoffman's violet) ............................. 
Ethyl red ........................................... 
Gallocyanine ........................................ 
Gallamine blue ...................................... 
Janus green B ....................................... 
Malachite green ..................................... 
Methyl red .......................................... 
Methyl violet 2B .................................... 
Neutral blue ........................................ 
NAC Co. 
C & B Co.* 
NAC Co. 
Griibler 
t~ 
NAC Co. 
gc 
C&B Co. 
NAC Co. 
C&B Co. 
Griibler 
Hoechst 
NAC Co. 
Gr~ibler 
Nile blue BB .........................................  NAC Co. 
Propyl red ...........................................  C & B Co. 
Pyronin B ...........................................  NAC Co. 
Rhodamine (vital) ...................................  " 
Safranin bluish ......................................  " 
Safranin O ...........................................  " 
NF-4 
2292 
2246 
4050 
4316 
NMg-2 
2338 
277a 
NP~ 
5140 
4568 
2066 
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As shown in Fig. 2, the behavior of these dyes in the  staining  of A- 
type  vacuoles  is  extremely  variable.  Such  dyes  as  chrysoidin  Y 
resemble the Group I  dyes in staining more rapidly and intensely in 
alkaline than in acid buffers.  On the contrary, such dyes as methyl 
red, ethyl red, and brilliant green accumulate rapidly from acid buffers; 
slowly, if at all, from  alkaline buffers.  Rhodamine accumulates at a 
relatively uniform rate  throughout the pH range.  It appears  to do 
so even in dilutions of .0005 per cent.  Safranin bluish tends to stain 
more rapidly in acid and alkaline than in more nearly neutral buffers; 
whereas nile blue BB does the reverse.  Bismarck brown appears to 
be intermediate  in  its general  staining  reactions between  chrysoidin 
Y and rhodamine; benzene-azo-alpha-naphthylamine, between methyl 
red and rhodamine, etc.  As in the case of the Group I dyes, the details 
of vital staining vary somewhat from species to species and from tissue 
to tissue. 
GROUP III DYES 
Dyes Which Do Not Accumulate in Either A-Type or B-Type Vacuoles 
Dye  Maker 
Acid fuchsin  ..........................................  PC Co.* 
Alizarin red S  .........................................  NAC Co. 
Amaranth ........................................... 
Aniline blue ......................................... 
Aniline yellow  ....................................... 
Benzopurpurin 4B ................  : .................. 
Biebrich scarlet ...................................... 
Bordeaux red ........................................ 
Brom cresol green  .................................... 
Brom cresol purple ................................... 
Brom phenol blue .................................... 
Brom thymol blue ................................... 
Cblor phenol red ..................................... 
Congo red ........................................... 
Cresol red ........................................... 
Crocein ............................................. 
Eosin W ............................................ 
Erythrosine ......................................... 
Iodine green  ......................................... 
Light green SF ...................................... 
Magdala red (Phloxin) ................................ 
Martius yellow  ...................................... 
c~ 
La Motte 
Grttbler 
La Motte 
NAC Co. 
Grtibler 
B & L Co.** 
I  NAC Co. 
PC  Co. 
Grfibler 
NAC Co. 
Lot number 
3825 
1028 
1137 
3791 
1083 
2245 
2130 
2729 
4155 
NYm 
* PC Co.  =  Providence  Chemical Co. 
** B and L Co.  =  Bausch and Lomb Co. I.  W.  BAILEY  AND  CONWAY  ZIRKLE 
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Dye  Maker 
Methyl blue ..........................................  B &  L  Co. 
Methyl green B ......................................  NAC Co. 
Methyl orange .......................................  " 
Nigrosine (H20 sol.) ..................................  " 
Orange I ............................................  " 
Orange II ...........................................  " 
Orange IV ..........................................  " 
Orange G ...........................................  Griibler 
Orcein ..............................................  NAC Co. 
Phenol red ..........................................  La Motte 
Purpurin ............................................  PC Co. 
Thymol blue ........................................  LaMotte 
Trypan blue (vital) ..................................  NAC Co. 
Trypan red (vital) ...................................  " 
Lot number 
2797 
2062 
2685 
1321 
NOb-1 
1311 
1184 
2102 
3586 
None of the  Group III dyes accumulate in,  or visibly stain,  the 
normal living cells of the cambium and its derivative tissues, regardless 
of the pH of the buffers.  Even after many hours in highly concen- 
trated solutions of the dyes, no color can be detected in the vacuoles 
of the living tissue cells.  Staining of tke vacuoles, as of the protoplasm 
and nucleus,  occurs in irreversibly injured,  dying,  and dead cells only. 
In concentrations of .02 per cent-.5 per cent many of the Group III 
dyes are less toxic than are Group I  and II dyes in dilutions of .004 
per cent.  Not infrequently the cells live longer than they do in the 
dye-free buffers used as controls.  This is due, at least in part, to the 
fact that the dyes tend to retard the development ofcontaminafing 
microorganisms. 
DIS CUSSION 
Before attempting to  discuss the significance of  these data,  it is 
essential  to consider the effects of a  number of variables which may 
complicate  or  obscure  the problem.  No  sound generalizations  con- 
cerning ranges,  rates,  and intensifies of vital  staining can be drawn 
from highly toxic dyes which penetrate slowly and erratically.  The 
staining of cell walls varies markedly not only from dye to dye but 
also in different ranges of the buffered solutions.  Rapid and intense 
staining of  the  cell  walls may  seriously  affect  the  visibility  of  the 
vacuoles as well as the accumulation of the dye within them.  Where 
the cells remain in the buffers for some time, the composition and pH 374  CAMBIUM  AND  ITS  DERIVATIVE  TISSD-ES.  VI 
of the vacuolar sap may be modified.  Not infrequently the solubility 
and stability of the dyes vary in phthalates, phosphates, and borates, 
or in different ranges of pH.  In other words, the concentration of the 
dye in the buffered solutions may be modified through precipitation, 
crystallization, etc.  In certain cases, phenomena of oxidation-reduc- 
tion may introduce serious  complications.  A  number of  the dyes 
actually are mixtures of different dyes. 
The striking differences in the behavior of the Group I and Group II 
dyes, illustrated in Fig. 2, are not due primarily to the effects of such 
factors as these.  The dyes are not excessively toxic.  They penetrate 
rapidly and uniformly throughout the sections.  The phenomena of 
vital staining are not obscured or seriously modified by an unduly 
rapid and intense staining of the cell walls.  The more rapid accumula- 
tion of the Group I dyes in alkaline buffers, and of certain of the Group 
II dyes in acid buffers, is not due to a greater solubility or stability of 
the dyes in these buffers.  Neutral red and methyl red are less soluble 
and stable in  those ranges of buffers where they accumulate most 
rapidly and intensely.  Nor is the absence of vital staining in certain 
buffers due to  the leaching away  of the contents of the  vacuoles. 
Cells which have remained unstained for 24 hours or more in  acid 
solutions of neutral red accumulate the dye rapidly when transferred 
to alkaline buffers.  Similarly, vacuoles which do not stain in alkaline 
solutions of methyl red accumulate the dye rapidly when transferred 
to acid buffers.  Furthermore, the salient correlations between vital 
staining and extracellular pH are not due to specific combinations of 
physico-chemical factors in the Clark buffers.  Similar differences in 
the staining reactions between Group I  and Group II dyes occur in 
solutions prepared with various acids and alkalis. 
The most significant of the writers' data in any general discussion 
of vital staining are accordingly the following: 
1.  There are two distinct categories of vacuoles in the higher plants, 
which may be designated, for the time being, as A-type and B-type. 
2.  Group I  dyes vitally stain both categories of vacuoles.  These 
dyes accumulate more rapidly and intensely from alkaline than from 
acid buffers.  The B-type vacuoles rarely,  if  ever,  stain  vitally in 
solutions more acid than pit 5.4-pH 5.8. 
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ranges of pI-I in which these dyes stain most  rapidly  and  intensely 
are  variable.  Certain of the dyes accumulate  relatively uniformly 
throughout a  wide range of acid and alkaline buffers.  Others  stain 
rapidly  and intensely in acid  solutions; slowly, if at all,  in alkaline 
ones.  No dye which accumulates rapidly from solutions more acid 
than pH 5.4-pH 5.8 stains  the B-type  vacuoles.  The  difference in 
the behavior of the two categories of vacuoles is not due to a failure of 
the dyes to penetrate  cells which contain B-type vacuoles.  This is 
clearly shown by the fact that where both types of vacuoles occur withi~ 
the same streaming protoplast, the A-type stain, whereas the B-type do not. 
4.  Group  III  dyes  do  not accumulate in either type of vacuole-- 
regardless of the pH of the aqueous solutions in which the  dyes are 
dissolved--unless the tissue cells are irreversibly injured. 
5.  The  A-type  vacuoles  contain  certain  categories  of  aromatic 
compounds,--e.g., tannins, which tend, when Group I  and  Group II 
dyes  attain  a  certain  concentration  within  them,  to  form  copious 
deeply-colored  precipitates.  The  typical  B-type  vacuoles  do not 
contain microscopically detectable quantities of such substances and 
rarely form massive intravacuolar precipitates. 
There are  two important aspects of the problem of vital staining: 
(1)  penetration of the dye and (2) accumulation of the dye.  Among 
the host of speculations regarding cell permeability the lipoid theory 
has received the most serious and sustained consideration.  In so far 
as the behavior of dyes is concerned, critics of Overton's theory have 
searched, on the one hand, for lipoid-soluble dyes which do not  stain 
vitally  and,  on  the  other  hand,  for lipoid-insoluble dyes  which  do 
penetrate living ceils.  Although there appear to be serious sources of 
error in certain of these investigations, 9 the correlations between solu- 
bilities in specific lipoids and vital staining are not sufficiently close 
to justify the acceptance of Overton's (11) theory in its original form. 
Nirenstein (10) attempted to show that there is a close  correlation 
a The criteria  for distinguishing irreversibly injured,  dying, and dead cells are 
unreliable.  The assumption that absence of vital staining is indicative of failure 
to penetrate is unsound.  Rhodamine, for example, is cited as a lipoid soluble 
dye which penetrates living cells with great difficulty.  This dye does not accumu. 
late in B-type vacuoles, but it stains A-type vacuoles the most rapidly and uni- 
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between vital staining and the partitioning of basic dyes between olive 
oil  plus  oleic acid and water, of acid dyes between olive oil plus di- 
amylamine and water, and of all dyes between olive oil plus oleic acid 
plus diamylamine and water.  More recently, Miss Irwin (6,  7)  has 
studied the correlations between the penetration of certain dyes and 
their partitioning between chloroform and buffers of varying pH. 
In view of the fact that the partition coefficient of a dye frequently 
varies markedly with varying hydrogen ion concentration, it seemed 
advisable to the writers to supplement their investigation of the effects 
of extracellular pH upon vital staining by a study of the partitioning 
of dyes between the buffered solutions and various non-polar solvents. 
Partition  of Dyes between Buffered Solutions and Non-Polar Solvents 
No attempt was made to secure accurate quantitative determina- 
tions  of  the  partition  coefficients.  The  relative  amount of  dye in 
each  solvent  was  estimated  colorimetrically.  The  following  non- 
polar solvents were tested, singly and in various mixtures: olive oil, 
oleic  acid,  chloroform,  carbon  tetrachloride,  and  medicinal  liquid 
petrolatum. 
There is an obvious correlation between the accumulation of dyes 
in vacuoles from buffered solutions and the amount of the dyes that 
can be extracted from the buffers by chloroform.  Thus,  the Group 
III dyes  1° are not extracted in visible quantities by chloroform.  The 
dyes in Groups I and II, which stain more rapidly in alkaline solutions, 
pass into the chloroform, leaving the alkaline buffers nearly colorless, 
but are partitioned between acid buffers and chloroform.  Such dyes 
as methyl red, which accumulate in the vacuoles most rapidly from 
acid buffers, are extracted by chloroform from acid buffers,  but are 
only partially removed from alkaline ones.  Rhodamine passes com- 
pletely  into  chloroform throughout  the  pH  range.  Nile  blue  BB 
and  safranin bluish are most concentrated in  the non-polar solvent 
at those ranges of pH where the dyes stain best.  n 
x0 Thymol blue is chloroform-soluble  at pH 3.0.  Unfortunately, vital staining 
by a slowly  penetrating dye cannot be tested at this pH owing to lethal factors. 
n It should be noted in this connection  that the passage of an increasing  amount 
of dye from an aqueous to a non-polar solvent, concomitant with a change of pH, 
may be due not to an increase  in the dye's non-polar  solubility but to a decrease  in 
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Although none of the dyes stain vitally in buffers from which they 
are not extracted in visible quantities by chloroform, the fact that a 
dye passes  into  the non-polar solvent from a  specific buffer is  no 
guarantee that the dye will stain vitally at this pH.  Crystal violet, 
for example, at  pH 4.6 passes completely from the buffer into  the 
chloroform, but does not stain the vacuoles at this pH.  j~  Gallocyanine 
and gallamine blue also are extracted from acid buffers by chloroform, 
although the dyes stain extremely slowly in such buffers. 
There is a much closer correlation between the vital staining ranges 
of many of the dyes and the ranges at which they can pass from the 
buffers into carbon tetrachloride.  In certain cases,  the correspond- 
ence is very close.  Thus, neutral red and chrysoidin Y are partitioned 
between the buffers and carbon tetrachloride at the pH range where 
they vitally stain the vacuoles, a greater portion of the dye passing 
into the non-polar solvent at that part of the range where the staining 
is  most  rapid.  Certain  dyes--rhodamine,  crystal  violet,  celestin 
blue, janus green B--are more or less insoluble in pure carbon tetra- 
chloride, but they may be rendered soluble by the addition of a trace 
of oleic acid.  Although a mixture of 97 parts of carbon tetrachloride 
and three parts of oleic acid affords a closer correlation between parti- 
tion coefficients and details of vital staining than do lipoids, chloro- 
form, or mixtures of olive oil and oleic acid, no single mixture gives 
equally close correlations with all dyes.  It should be emphasized in 
this connection, however, that the discrepancies are no greater than 
the differences in the details of vital staining of different plants or 
tissues. 
The more salient correlations between vital staining and the solu- 
bilities of the various categories of dyes in non-polar solvents suggest 
that where dyes penetrate cells readily and rapidly, they are trapped 
by the A-type vacuoles, whereas the B-type vacuoles may or may not 
be able to accumulate them.  At least, such an assumption provides 
a working  hypothesis  which  may  be tested by subsequent  investigations. 
It may be objected that A-type vacuoles are unable to trap Group 
III  dyes,--/.e.,  the  dyes  penetrate  but  do  not  accumulate in  the 
vacuoles.  There  is  no  reliable  evidence to  indicate  that  the  dyes 
12 In a recent paper, Miss Irwin (8) accounts for this behavior of crystal violet 
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penetrate normal living cells of the cambium or of its derivative tissues, 
but the vacuoles of irreversibly injured, dying, and dead cells may 
accumulate the dyes and may even form deeply-colored precipitates. 
Collander's  (3)  technique of prolonged treatment with highly con- 
centrated solutions yields positive results only with cells whose per- 
meability appears  to have been modified by irreversible injuries or 
incipient cytolysis. 
Much has been written concerning the non-polar solubilities and 
penetration  of  basic  as  contrasted  with  acid  dyes.  The  Group  I 
dyes are all basic dyes.  The Group III dyes, on the contrary, are 
prevailingly  acid.  Two  supposedly  basic  dyes,  iodine  green  and 
methyl green B, are included in Group III.  These highly methylated 
triamino-triphenyl-methanes are unstable and readily decompose into 
other dyes.  Until pure samples of these dyes are thoroughly investi- 
gated, their inclusion in Group III is of doubtful significance.  Group 
II contains several dyes which have a carboxyl radical,--i.e., methyl 
red, ethyl red, propyl red, gallocyanine and rhodamine.  These dyes 
pass readily from acid buffers into both non-polar solvents and living 
tissue cells.  Methyl red is listed by Conn (4)  as weakly acid, and 
rhodamine and gallocyanine as basic.  According to Kolthoff (9) the 
free methyl red may be regarded as an ampholyfic ion, +HN(CH3),- 
RCOO-.  It reacts with acids to form the free carbonylic acid which 
is a cation, +HN(CHs)2RCOOH.  The yellow form of the dye which 
is  an  anion,  N(CH3),RCO0-,  predominates in  alkaline solutions. 
This raises the question whether ethyl red, propyl red, gallocyanine, 
and rhodamine, and such dyes as brilliant green, celestin blue, and 
gallamine blue are amphoteric. 
Intracellular pH 
Certain investigators are of the opinion that dyes penetrate Valonia 
and Nitella readily in the form of chloroform-soluble free bases, but 
slowly, if  at  all,  as  salts  or ions which are relatively  insoluble  in 
chloroform.  Therefore, the dyes penetrate most rapidly where  they 
exist  largely  as  free  bases,--i.e.,  in  alkaline  solutions.  The  dyes 
accumulate in the vacuoles because the pH of the sap  is  such that a 
large proportion of the penetrating free base  is  converted into  the 
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Although the vital staining of B-type vacuoles by  Group  I  dyes 
appears  to  harmonize with such  conceptions regarding penetration 
and accumulation, the free base hypothesis must account for the rapid 
penetration of Group II dyes in acid buffers.  The vacuoles of Valonia 
and Nitella are apparently of the B-type and, in all probability, may 
be unable to accumulate dyes which belong in the Group II category. 
The most favorable materials for the study of Group II dyes are cells 
which contain  both  A-type  and  B-type  vacuoles within  the  same 
protoplast. 
Obviously the pH of the vacuoles deserves serious consideration in 
any discussion of vital staining.  The Group I dyes, with the exception 
of  auramin,  methylene  blue,  and methylene green,  stain  the  two 
categories of vacuoles conspicuously different colors.  For example, 
as stated in the introduction, neutral red stains the A-type vacuoles 
bluish-magenta,  the  B-type  reddish-orange.  The  vacuoles  stain 
their respective colors regardless of the pH of the buffers in which 
the dye is dissolved, and retain their characteristic colors for many 
hours.  Neutral red is one of S~rensen's standard hydrogen ion indi- 
cators and has been used extensively in the study of intracellular pH. 
The certified brand, NX-1, in the dilutions employed by the writers, 
is orange at pH 8.0, magenta at pH 6.8,  and blue in extremely acid 
solutions.  Between pH 7.0 and pH 7.8, it is orange-red or reddish- 
orange;  between pH  5.8  and  its  "subsidiary H-exponent,"  bluish- 
magenta or violet.  This suggests that the B-type vacuoles are slightly 
alkaline and the A-type markedly acid. 
In the case of the A-type vacuoles, different indicators  (Group  I 
and Group II dyes) give similar values, and the vacuolar sap appears 
to be markedly acid.  In the case of the B-type vacuoles, on the con- 
trary, neutral red may indicate a value of pH 7.2 when brilliant cresyl 
blue gives a  value of approximately pH  13.0.  In other words, the 
various Group I dyes indicate more or less widely separated pH values 
for the B-type vacuoles, and the "Range Indicator Method" cannot 
be relied upon in studying the hydrogen ion concentration of such 
vacuoles. 
The thionins and oxazines of Group I  are poor  indicators.  Their 
color  transformations  occur in  highly alkaline solutions  where the 
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neutral red gives a  fairly close approximation of the true pH  of the 
B-vacuoles.  It  should  be  emphasized in  this  connection, however, 
that the vacuoles of Nitella  are of the B-type.  The pH of the ex- 
pressed sap has been determined, both colorimetricaUy and electro- 
metrically, as close to 5.6,  but,  when vitally stained by neutral red, 
the vacuoles have an apparent pH of from 7.0 to 7.8.  This suggests 
that all of the Group I  dyes give pH values for the B-type  vacuoles 
that are excessively alkaline.  The discrepancies appear to be larger 
than those produced by ordinary "salt" errors.  The question arises-- 
Are they due to "protein," or "lipoid" errors? 
No direct evidence is available, as yet, for answering this  question, 
but certain data obtained in the study of the partitioning of the dyes 
between buffers and non-polar solvents may prove to be of some sig- 
nificance.  When neutral red is partitioned between pure chloroform 
and  the seventeen Clark buffers,  the non-polar solvent is orange, or 
colorless where in contact with the more acid buffers.  When a trace 
(u) 
(120) of oleic acid is added to the chloroform, the color of the non-polar 
solvent is magenta where in contact with buffers more acid than pH 
5.8,  and reddish-orange where in contact with buffers more alkaline 
than pH 5.8.  The oleic acid saponifies rapidly between pH 9.0 and pH 
10.0.  When  ordinary  commercial chloroform is  used,  or  where  a 
trace of hydrochloric acid is added to pure chloroform, the non-polar 
solvent is orange where in contact with buffers more alkaline than pH 
6.2,  magenta where in contact with buffers more acid than pH 5.0, 
and reddish-orange where in contact with the much restricted range 
of intermediate buffers.  13  In other words, when neutral red is  parti- 
tioned between commercial chloroform and Clark buffers, the  virage 
of the B-vacuoles matches that of the pH 7.2 buffer and of the chloro- 
form in contact with the pH 5.8 buffer.  As previously stated, there 
is a similar discrepancy in Nitella between the true pH and the neutral 
red virage.  This might well be brushed aside as a mere coincidence 
pH of the M buffers is not markedly altered may be determined by  13 That the 
comparing the virages of the buffers before and after shaking with the non-polar 
solvents.  The  buffers and  non-polar solvents were tested  in  various  ratios, 
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were it not for the fact that in the case of all of the Group I dyes the 
virage of the chloroform in contact with the pH 5.8 buffer matches the 
virage of the B-type vacuoles.  The possibility that the vacuoles of 
this category contain some substance or combination of substances  14 
that produce excessively alkaline virages with basic  dye indicators 
deserves serious consideration. 
That the pH of the B-type vacuoles may be between 5.4  and  6.0 
is suggested not only by NiteUa, but also by certain reactions of these 
vacuoles in vital staining.  In the writers'  experiments the B-type 
vacuoles rarely, if ever, stain below pH 5.4-pH 5.8.  Furthermore, 
no dye which penetrates readily in solutions more acid than pH 5.4- 
pH  5.8  accumulates in  the  B-type vacuoles.  If  the  pH  of  these 
vacuoles is approximately 5.6,  the accumulation of Group I dyes may 
be accounted for, as in Valonia and NiteUa, by the assumption that 
the  dyes penetrate  the  cell faster  from  alkaline  buffers  than  they 
escape from the relatively acid vacuoles.  The failure of the Group II 
dyes to accumulate in the B-type vacuoles may be due to the fact that 
these dyes penetrate the protoplast so readily from acid solutions that 
they escape from pH 5.6 vacuoles as rapidly as they enter.  It may 
be significant, in addition, that streaming cells which contain B-type 
vacuoles tend to survive the longest in.the pH 5.0-pH 6.2 buffers. 
Contents of Vacuoles 
As previously stated, the A-type vacuoles contain certain categories 
of  aromatic  compounds,--e.g.,  tannins,  tanniniferous  glucosides, 
natural pigments, etc., and where Group I  dyes and Group II dyes 
penetrate the cells, they tend to be trapped by entering into physico- 
chemical  combinations with  the  complex colloidal  contents of  the 
vacuoles.  The  B-type  vacuoles,  on  the  contrary,  do  not  contain 
microscopically detectable quantities of  such  aromatic  compounds, 
and they do not accumulate Group II dyes, or Group I  dyes from 
14 Much controversy has arisen among cytologists concerning the presence of 
fats or lipoids  in the vacuome.  Although  the cumulative  evidence  which suggests 
that they are present is rather tenuous, their absence  cannot be demonstrated by 
testing with Sudan III and similar michrochemical  tests for fats and lipoids.  The 
hypothetical substances may well exist in such forms or quantities  that  they 
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buffers more acid than pH 5.4  to pH 5.8.  It should be noted, how- 
ever, that the B-type vacuoles of certain species and tissues do form 
colored granules, Liesegang  rings, and  spherocrystals, and that  the 
intensity of vital staining varies markedly from tissue to tissue.  This 
suggests that the B-type vacuoles may contain more or less "tannin"- 
free colloidal material and that, where Group I  dyes accumulate in 
the vacuoles, a  portion of the dye may be held in physico-chemical 
combinations, at least during the later stages of vital staining. 
Many investigators have argued that active proteins or other am- 
pholytes play an important r61e in the penetration and accumulation 
of dyes.  The Dangeards (5) maintain that all plant vacuoles contain 
metachromafin  or  similar  colloidal  nitrogenous substances--either 
with or without adsorbed phenolic compounds--which stain readily 
with basic vital dyes.  The formation of colored precipitates and the 
intensity of vital staining of the vacuoles are considered to vary with 
different  degrees  of  hydration  and  dehydration  of  these  colloidal 
substances.  Scarth (12) holds that "hydrated lipoids" are concerned 
in the accumulation of dyes in both the vacuoles and the cell walls of 
living  cells.  The  writers'  data  suggest  that  the  B-type  vacuoles 
contain some substance or mixture of substances that produce huge 
errors in colorimetric determinations of the pH of the vacuolar sap. 
Although the accumulation of Group I dyes in the vacuoles of Nitella 
and Valonia  may be due, primarily, to differences in the pH of the 
intracellular and extracellular  solutions, it cannot wisely be inferred 
that  all  B-type vacuoles function in  a  similar manner.  In  certain 
categories of B-vacuoles, as in A-type vacuoles, the operation of a pH 
trap may be modified or replaced by that of a colloidal trap.  Further 
speculation concerning the matter is best deferred until more reliable 
data concerning the contents and pH of B-type vacuoles are available. 
CONCLUSION 
It should be emphasized, in conclusion, that the writers' investigation 
is a reconnaissance, and was initiated primarily in searching for more 
adequate techniques for the study of cytological  problems.  Crude  as 
many of the data undoubtedly are, they are of some significance in 
outlining future trends of more intensive investigation.  The occur- 
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a  valuable check upon generalizations concerning the penetration of 
certain  dyes.  The  A-type  vacuole  affords  a  means  of  determining 
that  a  number  of  dyes  do  penetrate  living  plant  cells  readily  and 
rapidly from acid buffers.  The recognition of two distinct categories 
of vacuoles--which are widely  distributed throughout the higher plants 
--and  a  study of their staining reactions in  Group I,  Group II, and 
Group  III dyes, indicate that certain discrepancies in  the literature 
are  due  to  the  fact  that  different investigators  are  concerned  with 
differentvacuoles and with different dyes.  For an accurate visualiza- 
tion  of  the  physico-chemical  mechanisms  of  the  penetration  and 
accumulation of dyes in living cells a  much wider range of reliable 
data is essential, both as regards the purely biological variables and 
the  physico-chemical  variables  in  techniques  employed  in  their 
investigation.  Until  such  data  are  available,  generalizations  from 
limited induction should be reduced to a minimum. 
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